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Abstract 
The reliability of frequency converters is a major concern for wind turbines. ChapDrive AS has built and 
tested a hydraulic drive train for variable speed wind turbines which includes a synchronous generator 
that is connected to the grid without the use of a frequency converter. The hydraulic drive train consists of 
a hydraulic pump, a variable displacement hydraulic motor, and a synchronous generator, which enables 
rotor speed control while maintaining synchronous speed of the generator. It has been proven that the 
hydraulic drive train and the ChapDrive Control system are able to absorb fluctuations in the wind speed 
and maintain a constant power output without the use of frequency converters. The hydraulic drive train 
and the ChapDrive Control system has been modeled analytically and compared to measurements, 
demonstrating a good agreement between simulations and measurements.  
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1. Introduction 
Improved reliability of wind turbines is an important goal in order to reduce the cost of energy. Wind 
turbine failures increase the cost of energy, both in terms of the cost of repair and replacement of the 
failed component, but also in terms of reduced energy production because of the down time of the turbine 
caused by the repair.  
This is well known and has been investigated for onshore wind turbine parks. The situation for 
offshore wind turbine parks has not been investigated to the same extent due to the fact that little 
historical data is available. It is however reasonably to assume that the historic data for onshore 
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component failure rates can be used as an indication for the failure rate offshore as well. But it is not 
reasonable to assume that the data for down time for onshore turbines can be used for offshore turbines 
because the accessibility of the turbines offshore is lower than that of turbines in onshore sites. The mean 
time to repair offshore is governed, not only by the complexity of the repair, but also by weather 
conditions. If historical data for onshore turbines are to be used as an indication of the expected down 
time, the mean time to repair or replace should be increased by a constant, hence the failure frequency is 
more important for the recorded down time than the mean time between failures.  
Reported investigations show that failure of the gearbox and the power electrical system [1] are the 
main contributors to unplanned downtime in onshore wind parks. The downtime is the same, but failure 
rate for the electrical system, especially the frequency converter, is higher [2], and with the assumptions 
above, the failure in the electrical system would be the greatest cause of down time offshore. 
ChapDrive AS has developed, built and tested an integrated hydraulic drive train for wind turbines that 
would remove the need for frequency converters. This integrated hydraulic drive train consist of a low 
speed hydraulic pump (Fig.1, i), a high speed hydraulic motor with variable displacement volume (Fig.1, 
ii) and a high voltage, synchronous generator (Fig.1, iii) The concept of this hydraulic drive train is 
described in the Norwegian patent number NO200664996 [3]. 
The variable displacement volume of the motor is used to control the rotational speed of the pump and 
rotor when the generator is connected to the grid. The motor is operated a constant speed, and any 
changes in the displacement volume will cause a proportional change in the flow rate of the hydraulic oil 
from the pump, thus the motor displacement control will control the rotor speed. 
Fig. 1. (a) Illustration of hydraulic drive train. (b) Schematic overview of drive train principle. 
The hydraulic drive train has been developed since 2006 when the first bench test was performed on a 
50 kW model at the Norwegian University of Science and Technology. The drive train was then scaled to 
225 kW and tested using a diesel engine to simulate the input power from a wind turbine rotor. The 
225 kW drive train was then installed in a 225 kW Vestas V27 wind turbine and prototype tests were 
carried out in the period from 2007 to present. The system was further scaled up to fit a 900 kW wind 
turbine in 2008 and tests and measurements have been done on this turbine from 2008 to present.  
ChapDrive AS has developed a new control system. The ChapDrive Control System is developed such 
that maximum efficiency will be maintained for wind speeds below rated power. This control system 
handles the entire turbine, including blade pitch, variable turbine rotor speed and synchronous generator 
excitation.  
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The hydraulic drive train is controlling the rotor speed without the need for a frequency converter, and 
with the use of a synchronous generator with an electrical voltage in the 10 kV range, eliminating the 
need for a voltage transformer. The ChapDrive hydraulic drive train is therefore eliminating the down 
time related to power electronics. Since the ChapDrive hydraulic drive train also replaces the gearbox, the 
down time related to gearbox failure is also eliminated.  
2. ChapDrive Control System and simulations of wind turbine operation 
In the development of the ChapDrive Control System an analytic model of the system has been 
developed. An illustration of the simulation model is shown in Fig. 3. The input variables to the model 
are the mean wind speed over the rotor swept area, vr(t), pitch angle reference, ȕref(t), motor displacement 
reference, Dm,ref(t), and generator excitation voltage reference, Uex,ref(t), while the output variables which 
can be measured are the rotor speed, Ȧr(t), generator speed, Ȧg(t), pressure in the high pressure side of the 
circuit, ph(t), pressure on the low pressure side of the circuit, pl(t), generator active power, Pg(t), generator 
reactive power, Qg(t), and pitch angle, ȕ(t). The remaining variables shown in the figure are intermediate 
variables used in the model calculations, and are not expected to be available as measurements. 
Fig.3. Overview of the simulation model 
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The model is developed in Matlab Simulink.  It is used in a simplified form for controller design, while 
the full dynamic non-linear continuous time model is used for controller performance evaluation. 
Furthermore, the model of the hydraulics and the generator is also exported to GH Bladed for detailed 
investigation and verification of the performance of the controller with the full dynamics of the wind 
turbine. 
The control system is based on a wind speed estimator, a full state estimator and state feedback with 
integral action. An overview of the ChapDrive Control System is shown in Fig. 4. The input vector 
xժ meas(t), consists of the measurements available from the simulation/prototype turbine. The reference 
inputs to the control system are to the rotor speed, Ȧr,ref(t), generated active power, Pg,ref(t), and generated 
reactive power, Pg,ref(t).   
The wind speed estimator is based on the principle described in [4], where a Kalman estimator used to 
estimate the system states based on the pressure measurement ph(t), and having a PI-controller for 
approximating the torque input to the model, based on the error between the measured and the estimated 
system pressure, and finally a table lookup to determine the wind speed based on the estimated torque, 
pitch angle and rotor speed. 
In order to control the turbine in the most optimal way at all times, the state estimator and state 
feedback is designed separately for different operating ranges with different control demands. This 
ensures that the controller can be designed specifically for a situation and does not need to take other 
conditions into account and hence perform less optimal. Most of the controllers for the individual control 
regions are designed based on the same overall principle. The design of each of the controllers is a 
combination of a full order Kalman estimator and full state feedback designed using an LQR -approach. 
Since there are multiple controllers it is necessary to switch between these at some pre-defined 
conditions. These switches are handled by an internal state machine which monitors the operation of the 
wind turbine at all times and chooses the most optimal controller. 
Fig. 4. Overview of the ChapDrive Control System. Input measurements are written in green, reference 
inputs in magenta, and controller outputs in blue. 
3. Measurements of wind turbine operation 
To verify that a synchronous generator can operate directly connected to the grid without a frequency 
converter, it must be shown that the hydraulic drive train can control and absorb the aerodynamic power 
fluctuations caused by the turbulence in the wind and generate constant electrical power output. The 
hydraulic drive train must be able to control the acceleration of the rotor, and thereby store energy in the 
angular momentum. If the power output of the hydraulic drive train is constant or near constant for 
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turbulent wind speeds, it is verified that the hydraulic drive train can replace frequency converters as a 
mean of speed control.  
The performance of the hydraulic drive train was investigated on the 225 kW test turbine in a grid 
connection situation where the turbine is initially idling with no grid connection. At t = 2 s the generator 
is connected to the gird and the power input is increased by the pitch and speed control and at t = 12 s the 
power output has reached its maximum and the control system is maintaining a constant power output. 
The wind speed at hub height measured in a nearby meteorology mast is shown in Fig. 5. The average 
wind speed was 14.7 m/s and the turbulence intensity was 6.2 %.  
Fig. 5. Winds speed at hub height. Measured 2011-01-07 11:41:47. 
Fig. 6. Measurements of power to grid, normalized values. Measured 2011-01-07 11:41:47. 
In Fig. 6 the normalized measurement of the power output to the grid is shown. For the region where 
the generator is at maximum power output (t > 12 s) it is seen that the variations in the wind speed is 
neutralized, and that the ChapDrive Control System is able to maintain a constant power to grid with 
minimal dynamic variations. E.g. the drop from 16 – 12 m/s in the wind speed, equivalent to more than 
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50 % drop in aerodynamic power, seen after 45 s in Fig. 5. In this situation the power is kept constant by 
combined variable speed control and pitch control.   
Thus it is shown that the hydraulic drive train with the ChapDrive Control System is able to absorb 
fluctuations in the wind speed and maintain constant power output with a synchronous generator directly 
connected to the grid.  
4. Comparison of simulation and measurements of wind turbine operation 
The performance of the analytical model described in section 3, has been compared with prototype 
measurements. The model was altered so that the input from the aerodynamic torque, Ta(t), shown in Fig. 
3., was replaced with the measured rotor torque, and the measured displacement, Dm(t),was used as an 
input instead of as a control parameter. Time series showing the rotor speed, Ȧp(t), and the power output 
to the grid, Pg(t), for a wind speed ranging from cut-in wind speed to rated wind speed, is shown in Fig. 7. 
Blue lines are measured values and red lines are simulated values. 
The purpose of the analytic model is to simulate the dynamic behavior of the hydraulic drive train, and 
it is expected that the simulations would resemble the measurements. The analytic model is not tuned to 
reproduce the steady state performance of the system, which explains the off-set between the simulation 
and the measurements. 
Fig. 7 shows a good agreement between the simulated and measured power output dynamics to the 
grid. It can also be seen that there is agreement between the simulated and measured rotor speed. The 
simulated rotational speed does also show higher frequency fluctuations than the measured values. The 
increased level of high frequency fluctuations in the simulated time series is caused by not fully 
optimized inertia models.  
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Fig. 7. Comparison of measured (blue) and simulated (red) rotor speed, Ȧp(t), and power output to grid, 
Pg(t).
5. Conclusion 
It has been shown that the ChapDrive hydraulic drive train can control the rotor speed and use the rotor 
to absorb high frequent wind turbulence creating constant power output above rated wind speed, thus 
enabling the use of a synchronous generator directly connected to the grid without the use of frequency 
converters. 
It has also been shown that this behavior can be modeled analytically and that simulations of the 
behavior of this analytic model describe the measured behavior of the hydraulic system. 
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